nancy alone [aHR 1.28 (95% CI 1.18-1.40)] and in women treated with ATD in early pregnancy [1.18 (1.07-1.31)]. When maternal hyperthyroidism was diagnosed and treated for the first time in the 2-year period after the pregnancy (n = 2,361), there was a high risk that the pregnancy under study had terminated with a stillbirth [2.12 (1.30-3.47)]. Conclusions: Both early (spontaneous abortion) and late (stillbirth) pregnancy loss were more common in women suffering from hyperthyroidism. Inadequately treated hyperthyroidism in early pregnancy may have been involved in spontaneous abortion, and undetected high maternal thyroid hormone levels present in late pregnancy may have attributed to an increased risk of stillbirth.
Introduction
Pregnancy loss is an adverse outcome of pregnancy in which conception does not result in a live-born child [1] . Early pregnancy loss (spontaneous abortion) is in Denmark defined as the spontaneous termination of pregnancy before gestational week 22 [2] . Of clinically recognized pregnancies, 10-15% terminate with spontaneous abortion [1] . Late pregnancy loss (stillbirth) is in Den-mark defined as the birth of a child with no signs of life in or after gestational week 22 [2] . This adverse outcome of pregnancy is less common than the early pregnancy loss but frequent enough to be of major concern [1] .
Hyperthyroidism in women of reproductive age is most often caused by Graves' disease with autoimmunity against the thyroid-stimulating hormone (TSH) receptor [3, 4] . About 1% of pregnant women have been treated before conception or are being treated during pregnancy for Graves' hyperthyroidism [3, 4] . Untreated or inadequately treated hyperthyroidism in pregnancy may lead to both maternal and fetal complications [5] [6] [7] , and it is generally agreed that the disease should be carefully controlled and adequately treated in pregnancy [8] [9] [10] .
Pregnancy loss in women suffering from hyperthyroidism has mainly been described in case series [5, [11] [12] [13] . In the present study, we aimed to evaluate the risk of early (spontaneous abortion) and late (stillbirth) pregnancy loss in women suffering from hyperthyroidism in a population-based design. Using Danish nationwide registers, we identified all clinically recognized pregnancies in the years 1997-2008 and information on the outcome of pregnancy as well as maternal hyperthyroidism diagnosed before/during and in the 2-year period after the pregnancy.
We a priori speculated on possible mechanisms which could cause an association between maternal hyperthyroidism and pregnancy loss including (a) inadequate treatment of known hyperthyroidism in pregnancy (an association with hyperthyroidism diagnosed before/during the pregnancy would be expected), (b) undetected and untreated hyperthyroidism in pregnancy (an association with hyperthyroidism diagnosed for the first time after the pregnancy would be expected), or (c) thyroid autoimmunity/genetics (an association with hyperthyroidism diagnosed before/during and also after the pregnancy would be expected).
The treatment of choice for hyperthyroidism in pregnancy is antithyroid drugs (ATDs) [8] [9] [10] . We recently reported that use of methimazole (MMI)/carbimazole (CMZ) and also propylthiouracil (PTU) in early pregnancy were associated with an increased risk of birth defects in live-born children [14, 15] . Considering this, it can be speculated whether ATD treatment in early pregnancy could be associated with an increased risk of pregnancy loss, e.g. severe birth defects not leading to the birth of a live-born child. Thus, in the group of pregnancies where maternal hyperthyroidism was diagnosed before/during the pregnancy, we subsequently identified pregnancies (a) exposed to ATD in early pregnancy and (b) pregnancies in which the mother had been treated for hyperthyroidism before the pregnancy alone, and we compared the risk of spontaneous abortion in these groups.
Materials and Methods

Study Population and Design
We conducted a population-based cohort study using Danish nationwide registers. All Danish citizens are assigned a unique tendigit personal identification number which is used in all the nationwide registers. All data were linked in Statistic Denmark and were made available only in encrypted form. The study was approved by the Danish Data Protection Agency.
We identified all clinically recognized pregnancies in Denmark from January 1, 1997 to December 31, 2008 , leading to in-or outpatient hospital visit (n = 1,062,862) with a diagnosis of spontaneous or induced abortion, molar or ectopic pregnancy, stillbirth or live birth.
Definition of Pregnancy Outcomes
The Danish National Hospital Register (DNHR) [16] holds data on all inpatients since 1977 and all in-and outpatient visits since 1995. Diagnoses were coded according to the 8th revision of the International Classification of Disease (ICD-8) from 1977 to 1993 and ICD-10 from 1994 and onwards. We identified all hospital visits with a diagnosis of spontaneous abortion (O02.0-O03.9), induced abortion (O04.0-O05.2, O05.5-O06.9), induced abortion due to fetal disease (O05.3-O05.4), molar and ectopic pregnancy (O00.0-O01.9), and births (080.0-084.9) including information on whether it was a singleton (Z37.0-Z37.1) or multiple (Z37.2-Z37.7) stillbirth or live birth.
Information on gestational age (completed weeks plus days calculated from the first day of the last menstrual period) was obtained from the DNHR. Ultrasound verification of gestational age was increasingly used during the years of the study and was offered to all pregnant women in Denmark from the year 2004 [17, 18] . We included all pregnancies with a registered gestational age in the range from 2 to 45 completed weeks at the time of pregnancy termination. We used both the registered hospital diagnosis and the gestational age to define the outcomes under study. Spontaneous abortion was defined as a hospital diagnosis of spontaneous abortion with a registered gestational age <22 completed weeks [2] . Stillbirth was defined as a hospital diagnosis of stillbirth with a registered gestational age ≥ 22 completed weeks [2] . Live births were included when the hospital diagnosis was live birth and the registered gestational age was ≥ 22 completed weeks. Pregnancies with missing or inconsistent registration of gestational age were excluded from the main analyses (1.4%).
In Denmark, the definition of stillbirth was changed from ≥ 28 to ≥ 22 gestational weeks in the year 2004 [19] . Thus, the birth of a child with no signs of life in gestational weeks 22-27 would have been registered as a spontaneous abortion in the period from 1997 to 2003. These pregnancies were excluded from the main analyses because information on variables used for the analyses of stillbirth was not available. Information on the type of pregnancy (singleton/multiple) and maternal smoking status in pregnancy was only registered when the pregnancy terminated with a stillbirth or a live birth and not when the pregnancy was diagnosed as a spontaneous abortion. The Danish National Prescription Register (DNPR) [20] holds data on all prescription drugs redeemed from Danish pharmacies since 1995 including the type of drug prescribed according to the Anatomical Therapeutic Chemical classification system (ATC) and the date of sale. Thyroid hormones (ATC H03A) and ATDs (ATC H03B) are sold solely as prescription drugs in Denmark, and we identified all prescriptions redeemed between January 1, 1995, and up to 2 years after the date of pregnancy termination.
Hyperthyroidism was defined by (1) a hospital diagnosis of hyperthyroidism and at least one prescription of ATD or (2) if no hospital diagnosis was registered, at least two prescriptions of ATD. Women with a hospital diagnosis before January 1, 1995, and no prescription of thyroid medication registered were included as treatment may have ended before the prescription registration was initiated (n = 549). Pregnancies with inconsistent registration of maternal hyperthyroidism (0.4%) were excluded from the main analyses.
Exposure Groups
The 'onset' of maternal hyperthyroidism was defined as the day the first prescription of ATD was redeemed. If a hospital diagnosis was registered before the year 1996, the day of first admission to hospital defined the onset of disease. The non-exposed group was defined as pregnancies with no registration of maternal thyroid dysfunction up to 2 years after the pregnancy. Thus, pregnancies with registration of maternal hypothyroidism were excluded from the study (1.0%).
In the main analyses, two exposure groups were defined: (1) maternal hyperthyroidism diagnosed and treated before the date of pregnancy termination (before/during the pregnancy) and (2) maternal hyperthyroidism diagnosed and treated for the first time in the 2-year period after the pregnancy.
To evaluate the possible association between ATD treatment in early pregnancy and spontaneous abortion, we subsequently focused on the group of pregnancies in which maternal hyperthyroidism was diagnosed before/during the pregnancy. In this group, we identified (a) pregnancies where the pregnant woman had only redeemed prescriptions more than 12 months prior to pregnancy start considered 'previous ATD treatment' and (b) pregnancies where the pregnant woman redeemed one or more prescriptions of ATD in the period from 6 months prior to pregnancy start to the end of gestational week 10 considered 'exposure to ATD in early pregnancy'. If prescriptions of both MMI/CMZ and PTU were redeemed during the 6-month period prior to pregnancy start, the last prescription prior to pregnancy start defined the type of ATD exposure in early pregnancy.
Covariates
From Statistic Denmark we obtained information on maternal age, cohabitation, income, origin and geographical residence at the time of pregnancy termination. Pregnancies with missing values on these covariates were excluded from the main analyses (1.4%).
Information on maternal diagnosis of hyperemesis gravidarum and preeclampsia/eclampsia as well as diagnosis and medical treatment of diabetes and psychiatric disease before, during and up to 2 years after the pregnancy was obtained from the DNHR, the Danish Psychiatric Central Register and the DNPR.
Statistical Analyses
Altogether 1,018,261 pregnancies (95.8%) were available for the main analyses. In the analyses of spontaneous abortion (follow-up from pregnancy start to the end of gestational week 21), pregnancies terminated with induced abortion, and molar or ectopic pregnancy were excluded. In the analyses of stillbirth (followup from pregnancy start to the day of birth) only pregnancies terminating with a singleton stillbirth or live birth were included, thus pregnancies terminated with induced or spontaneous abortion, molar or ectopic pregnancy were excluded as were multiple births.
The Cox proportional hazard model with gestational age as the underlying time scale was used to estimate crude and adjusted hazard ratio (aHR) with 95% confidence interval (95% CI) for spontaneous abortion and stillbirth in pregnancies exposed to maternal hyperthyroidism versus the reference group with no maternal thyroid dysfunction registered up to 2 years after the pregnancy. In all analyses, robust standard error was used to account for dependency between maternal multiple pregnancies. The adjusted model included: maternal age (<25, 25-29, 30-34, 35-39, and ≥ 40 years), parity (1, 2, 3, ≥ 4), income (1st, 2nd, 3rd, 4th quartile), cohabitation (married/not married), origin (born in Denmark/not born in Denmark), residence (East/West Denmark), and the year of pregnancy termination (3-year intervals). Information on maternal smoking in pregnancy (yes/no) was available for the analysis of stillbirth. Maternal diabetes, preeclampsia and psychiatric disease were a priori considered possible intermediates and included in the model in a subsequent analysis.
In a sensitivity analysis, the study population was restricted to first-time pregnancies in the study period. In other sensitivity analyses, pregnancies excluded from the main analyses due to missing or inconsistent registration were included (gestational age, maternal hyperthyroidism and maternal covariates).
Statistical analyses were performed using Stata version 11 (Stata Corp., College Station, Tex., USA). A 5% level of significance was chosen.
Results
Study Population
Altogether 836,905 pregnancies terminated with spontaneous abortion, stillbirth or live birth ( table 1 ) and in 0.9% of these pregnancies the pregnant woman had hyperthyroidism diagnosed and treated before/during (n = 5,229) or in the 2-year period after the pregnancy (n = 2,361). In pregnancies where maternal hyperthyroidism was diagnosed before/during the pregnancy, the pregnant women were older with a higher parity ( period after the pregnancy, characteristics of the pregnant women were more comparable with the large group of unexposed pregnancies. Table 2 provides the distribution of pregnancy outcomes by exposure groups. The unadjusted data suggested that spontaneous abortion was more frequent when maternal hyperthyroidism was diagnosed before/during the pregnancy, and stillbirth was more frequent when maternal hyperthyroidism was diagnosed for the first time and treated in the 2-year period after the pregnancy.
Spontaneous Abortion
After adjustment for a number of possible confounders, an increased risk of spontaneous abortion in pregnancies with maternal hyperthyroidism before/during the pregnancy remained ( fig. 1 ). On the other hand, no association was seen when maternal hyperthyroidism was diagnosed for the first time and treated after the pregnancy ( fig. 1 ). Additional adjustment for maternal preeclampsia/eclampsia, diabetes and psychiatric disease did not change the results.
To evaluate the possible role of ATD treatment in early pregnancy, we subsequently focused on the group of pregnancies where maternal hyperthyroidism was diagnosed before/during the pregnancy. In this group, we were able to identify pregnancies where the pregnant woman had redeemed prescriptions of ATD before the pregnancy alone (n = 2,186) 'previous ATD treatment' and pregnancies where the pregnant woman redeemed prescriptions of ATD in early pregnancy (n = 1,899) 'early pregnancy ATD treatment'. As depicted in figure 2 , the aHR for spontaneous abortion was similar in the two groups suggesting that the association observed was not predominantly explained by early pregnancy ATD treat- , and when the window of ATD exposure in early pregnancy was restricted to redeemed prescriptions 3 and 1 month prior to pregnancy start or to the weeks after pregnancy start alone (data not shown).
Stillbirth
Whereas the increased risk of early pregnancy loss (spontaneous abortion) was mainly seen in pregnancies with maternal hyperthyroidism diagnosed before/during the pregnancy ( fig. 1 ) , an increased risk of later pregnancy loss (stillbirth) was observed in pregnancies where maternal hyperthyroidism was diagnosed for the first time and treated in the 2-year period after the pregnancy ( fig. 3 ) . Additional adjustment for maternal smoking in the pregnancy (pregnancies with missing value (3%) excluded) revealed similar results (hyperthyroidism before/during: aHR 0.78 (95% CI 0.43-1.40), hyperthyroidism in the 2-year period after the pregnancy: 2.21 (1.35-3.61)). Adjustment for maternal preeclampsia/eclampsia, diabetes and psychiatric disease did not change the results. Table 3 gives characteristics of the 16 exposed cases of stillbirth. The time of the first ATD treatment postpartum was fairly evenly distributed between the first and the second year after the pregnancy and an increased risk of still- Crude and adjusted HR with 95% CI for spontaneous abortion in pregnancies with maternal hyperthyroidism diagnosed and treated before/during the pregnancy (top) and in pregnancies with maternal hyperthyroidism diagnosed for the first time and treated in the 2-year period after the pregnancy (bottom). The reference is pregnancies with no maternal thyroid dysfunction before, during and up to 2 years after the pregnancy. The adjusted model included the year of pregnancy termination and maternal age, parity, cohabitation, income, origin and residence (see text for details).
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Eur Thyroid J 2014;3:164-172 DOI: 10.1159/000365101 169 birth was observed (model including maternal smoking) both when maternal ATD treatment was initiated in the first year (aHR 2.10 (95% CI 1.13-3.92)) and in the second year postpartum (2.41 (1.08-5.37)). The median time of pregnancy termination was not significantly different between the exposed cases and the larger group of unexposed cases (median gestational week 34.5 vs. week 36, p = 0.46).
Sensitivity Analyses
When restricting analyses to first-time pregnancies in the study period (n = 452,816), an increased risk of spontaneous abortion (aHR 1.19 (95% CI 1.07-1.32)) in pregnancies with maternal hyperthyroidism diagnosed before/during the pregnancy and an increased risk of stillbirth in pregnancies with maternal hyperthyroidism diagnosed for the first time and treated after the pregnancy (2.77 (1.60-4.78)) were also observed in this group. A hospital diagnosis of hyperemesis gravidarum was more common in women identified with hyperthyroidism (2.1% vs. no thyroid dysfunction 0.9%, p < 0.001), but associations remained the same when these women were excluded (hyperthyroidism before/during the pregnancy and spontaneous abortion (aHR 1.15 (95% CI 1.07-1.23)), hyperthyroidism after the pregnancy and stillbirth (2. 16 (1.32-3.53) ). Moreover, an increased risk of spontaneous abortion was still observed when women were diagnosed for the first time with hyperthyroidism during the pregnancy were excluded (1.21 (1.12-1.30) ). When pregnancies excluded from the main analyses due to missing or inconsistent registration of gestational age, maternal hyperthyroidism or maternal covariates were included, results were similar to the main analyses (data not shown). Crude and adjusted HR with 95% CI for spontaneous abortion in pregnancies with maternal hyperthyroidism diagnosed and treated more than 12 months before the pregnancy alone (top) and in pregnancies where the pregnant woman redeemed prescriptions of ATD in the period from 6 months before the pregnancy start to the end of gestational week 10 (bottom). The reference is pregnancies with no maternal thyroid dysfunction before, during and up to 2 years after the pregnancy. The adjusted model included the same variables as in figure 1 . Crude and adjusted HR with 95% CI for singleton stillbirth in pregnancies with maternal hyperthyroidism diagnosed and treated before/during the pregnancy (top) and in pregnancies with maternal hyperthyroidism diagnosed for the first time and treated in the 2-year period after the pregnancy (bottom). The reference is singleton births with no maternal thyroid dysfunction before, during and up to 2 years after the pregnancy. The adjusted model included the same variables as in figure 1 .
Discussion
Principal Findings
In a Danish population-based study, pregnancy loss was more common in women suffering from hyperthyroidism. Early pregnancy loss (spontaneous abortion) occurred more often in women diagnosed with hyperthyroidism before/during the pregnancy, and we speculate whether inadequate treatment of maternal hyperthyroidism in early pregnancy may have been involved. Late pregnancy loss (stillbirth) occurred more often in women diagnosed for the first time with hyperthyroidism in the 2-year period after the pregnancy, and we speculate whether undetected high maternal thyroid hormone levels in late pregnancy may have contributed to an increased risk of stillbirth.
Pregnancy Loss in Hyperthyroidism
In clinical reviews and guidelines on maternal hyperthyroidism in pregnancy it is rather consistently described that maternal hyperthyroidism in pregnancy is associated with adverse pregnancy outcomes including pregnancy loss [8] [9] [10] 21] . The evidence of pregnancy loss is mainly based on case series, and it appears that especially the untreated or inadequately treated hyperthyroidism may complicate pregnancy [5, [11] [12] [13] . In a study published in 1989, Davis et al. [5] described 60 pregnancies complicated by maternal hyperthyroidism (women diagnosed prior to pregnancy who were euthyroid throughout pregnancy were not included). Among the 60 women included, 8 women were untreated in pregnancy, whereas 36 women were treated with PTU to euthyroidism at delivery and 16 women were inadequately treated with PTU and were hyperthyroid at the time of delivery. In total, 1 case of abortion and 5 cases of stillbirth were observed and these adverse outcomes of pregnancy all occurred in pregnancies were the mother had untreated hyperthyroidism (abortion n = 1, stillbirth n = 4) or suffered from inadequately treated hyperthyroidism (stillbirth n = 2) at the time of delivery.
Early Pregnancy Loss
Spontaneous abortion is the most common adverse outcome of pregnancy [1] . Chromosomal abnormality is the single most common cause involved in approximately half of all cases of early spontaneous abortion, but several other risk factors have been examined [22] . In our study, an increased risk of spontaneous abortion was observed in pregnancies with maternal diagnosis of hyperthyroidism before/during the pregnancy. The lack of an association with maternal hyperthyroidism diagnosed after the pregnancy contradicts an inherited genetic association to some extent. Since we had no results of thyroid function tests, we were not able to distinguish between the possible role of inadequately treated hyperthyroidism in early pregnancy and ATD treatment in early pregnancy per se. However, the finding that women treated with ATD more than 1 year before the pregnancy alone had a similar high risk of spontaneous abortion may suggest that inadequately treated hyperthyroidism in early pregnancy was the main factor involved.
Late Pregnancy Loss
Stillbirth might also be caused by genetic factors although chromosomal abnormalities are less frequently involved than in spontaneous abortion [1] . In our study, an increased risk of stillbirth was only observed in the group of pregnancies where maternal hyperthyroidism was diagnosed for the first time and treated in the 2-year period after the pregnancy. The lack of an association with maternal hyperthyroidism diagnosed before/during the pregnancy contradicts a familiar association to some extent. In Denmark, no systematic testing of thyroid function in pregnancy is implemented. We speculate whether mothers diagnosed with hyperthyroidism in the years after the pregnancy may have had undetected high thyroid hormone levels already in the late pregnancy which could have had a direct effect on the fetus. Alternatively to this, maternal co-morbidities to hyperthyroidism, e.g. preeclampsia [23] , diabetes or psychiatric disease, might have been intermediate factors; however, results were similar when we adjusted for these factors in the analyses.
Thyroid Hormones and the Maternal-Fetal Unit
Thyroid hormones are essential during fetal development, especially fetal brain development [24] . Considering the role of thyroid hormones in the maintenance of pregnancy, studies in rats have shown that the uterus contains thyroid hormone (T 3 ) receptors [25] and high activity of the enzyme type 3 iodothyronine deiodinase (D3), which inactivates thyroid hormones [26, 27] . Studies in humans have demonstrated that thyroid hormones are present in the embryonic cavities (coelomic and amniotic fluid) in early pregnancy in concentrations depending on the maternal levels of thyroid hormones [28, 29] . Thus, it can be speculated whether the local regulation and levels of maternal thyroid hormones in the uteroplacental unit may play a role in determining the level of maternal thyroid hormones that the fetus is exposed to, and if high maternal thyroid hormone levels can have a direct toxic effect on the uteroplacental unit and/or the fetus. In a study of Azorean families with resistance to thyroid hormone [30] , the authors were able to study unaffected fetuses exposed to high maternal thyroid hormone levels in euthyroid-resistant mothers. In this group, there was a high rate of miscarriage and live-born infants had lower birth weight and suppressed levels of TSH which suggested that the high maternal thyroid hormone levels produced fetal thyrotoxicosis.
Methodological Comments
This study included clinically recognized pregnancies leading to hospital visit. For spontaneous abortion to be clinically recognized, it matters how early the pregnancy is identified. If the time of pregnancy testing is different among exposed and non-exposed groups, e.g. women with hyperthyroidism being more aware of early signs of pregnancy, it may induce bias. Similarly, we are aware that some pregnancies terminating with spontaneous abortion do not lead to hospital visit. If the propensity for hospital visit is associated with the exposure, it might induce bias. However, the median gestational age at the time of spontaneous abortion was similar in exposed and non-exposed pregnancies.
In women with recurrent spontaneous abortions, the referral pattern to hospitals may be influenced by the number of previous reproductive events, which could cause bias. However, we found similar associations when analyses were restricted to the first pregnancy in the study period.
As pointed out in the Materials and Methods section, the definition of stillbirth changed in Denmark in the year 2004 [19] . In sensitivity analyses, results did not change when we restricted analyses to the cohort of pregnancies terminated in the years 2005-2008 (data not shown).
Induced abortions may also challenge the interpretation of results (incomplete follow-up as the pregnancy could potentially have ended in a spontaneous abortion) [31] , but we obtained similar results when all pregnancies were included in the analyses, and the pregnancy was censored at the time of the induced abortion, molar or ectopic pregnancy (data not shown). Information on a number of important confounders was available, but residual or uncontrolled confounding might still exist, and information on maternal smoking was only available for the analyses of stillbirth.
Perspective
It remains debatable whether routine thyroid function testing should be performed in pregnancy [32] . Low maternal serum TSH in early pregnancy has not been associated with adverse pregnancy outcomes [33] . The criteria used to define hyperthyroidism in the present study imply an attempt to identify women suffering from regular thyroid disease. Results do not advocate the detection of small aberrations in thyroid function during early pregnancy which may be secondary to placental dysfunction [32] . More studies are needed, and studies with actual measurement of maternal thyroid hormones in pregnancy are warranted. If the findings are corroborated in further studies, they might be advocated for considering routine thyroid function testing in early pregnancy to detect overt hyperthyroidism.
